X-ray interferometry of surfaces with Fresnel mirrors
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With a small double-mirror setup, we used grazing-x-ray interferometry to study nanometric steps.
These one-dimensional steps were microfabricated upon the surface of one of the two mirrors; the other

mirror provided the reference wave.
the x rays are parallel to the step edges, it is straightforward to determine the step size.

Two geometries were studied. In the longitudinal case in which

In the

transverse case, one deals with Fourier holography, and a reconstruction process for a phase object had
been demonstrated for the case of a single step. © 2000 Optical Society of America

OCIS codes:

1. Introduction

Until a few years ago, synchrotron radiation sources
had appreciable spatial coherence only for soft x rays,
and interferometric methods (e.g., determination of
optical constants of materials!) had been developed in
the 2-10-nm range. Recently sources such as that
at the European Synchrotron Radiation Facility in
Grenoble, France, attained sufficiently large spatial
coherence in the hard-x-ray range to allow experi-
ments on Fresnel-zone phase contrast imaging?-4
and photon correlation (speckle) scattering®™7 to be
performed. The spatial coherence of an optical wave
front, defined quantitatively by the mutual intensity
function, can be experimentally determined—and is
in fact operationally defined—by Young’s experiment
with a variable slit separation.

For an x-ray beam it might be more convenient to
use reflecting optics because it is not easy to achieve
thick double slits with a short and variable distance
between them and because the edges of the slits re-
flect and add spurious radiation to the interference
pattern. Moreover, a mirror setup has more degrees
of freedom, and we have shown that with two small
Fresnel mirrors at grazing incidence it is possible to
measure the spatial coherence in both the vertical
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and the horizontal directions.® Here we analyze the
possibility of using this two-mirror apparatus to
make holograms of nanometric surface reliefs upon a
flat surface.

2. Two-Mirror Setup

The geometry of the experiment is shown in Fig. 1.
A synchrotron beam is reflected by two mirrors at a
grazing angle of incidence 6. The mirrors have size
A, separation distance D, and relative height &; L is
the distance from the detector to the mirrors. Typ-
ical values are D, 1 ecm; A, 1 mm; A, 0—10 wm; and
L, and 5 m. The angle of incidence is less than 1
mrad, and the reflected beam at the detector isz ~ 10
mm above the direct beam. By changing the angle
of incidence we change the relative distance between
the mirrors across the beam. We can also rotate one
of the mirrors with respect to the other. Rotation
about the direction of propagation the horizontal co-
herence properties to be studied, whereas rotation
about the other horizontal axis displaces the reflected
beam in the vertical plane. Elevating one of the
mirrors produces a variation of the distance between
the mirrors as seen from the detector, and the oppo-
site variation as seen from the source (Figs. 1 and 2).

3. Longitudinal Geometry

Vertical displacement of one mirror by 2 produces a
variation of the optical path length of the reflected
beam Ag = 4wh/\ sin 6. At 0.1-nm wavelength and
1-mrad angle of incidence, 2~ = 50 nm produces a 2
phase shift. Special care has to be taken for stabil-
ity. We used this effect to study model systems, i.e.,
mirrors consisting of steps a few hundred nanometers
in size produced by either lithography or UHV depo-
sition [Fig. 3(a)]. Ifthe transverse width of the steps
is a few hundred micrometers wide, we can consider
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Fig. 1. (a) Experimental setup. At the right one of the mirrors is
elevated an amount 4. (b) Horizontal tilt.

the detector to be in the near field, and the path-
length difference produces a phase shift in the inter-
ference pattern. Figure 3(b) shows typical steps
measured on a molecular beam epitaxy sample [Fig.
3(a)] at a 0.44-mrad grazing angle. Agreement of
the experimentally determined step size was found
within the specifications of the mirror fabrication.

4. Transverse Geometry

We considered the case of a simple step (two terraces)
with a step height of 10 nm. The terrace widths in
this case are compressed because of the grazing inci-
dence. The detector can be considered to be in the
far field; i.e., we are in the Fourier holography re-
gime.

A. Measurement

The first aspect to consider is the inclination of the
mirrors. Mirrors of size A and distance D are seen
from the detector with projected cross section size a =
A sin 0 and distance d = D sin 0, where 6 ~ z/L is the
elevation angle of the detector. The interference
pattern produced by two rectangular slits has the
well-known expression I(z) o« sinc[kz a(z)/L]sin[kz
d(z)/L + ¢]. This shows that the spatial frequency
of oscillation is linearly changing with z, as can be
seen from the spectrogram. The measured intensity
as a function of CCD pixel height (z) is shown in Fig.
4(a).

We obtain the spectrogram [Fig. 4(b)] by plotting
the Fourier transforms of sections of the image. Fig-
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Fig. 2. Interference pattern produced by the two mirrors at 10.4
keV recorded by a CCD: (a) parallel mirrors, (b) tilt of one mirror,
(c) relative distance from the detector decreased by elevation of one
mirror.

ure 5 shows the intensity (and its spectrogram) of the
hologram corrected for the inclination effect.
The intensity produced by the two mirrors is

I(z)=1+1,+ Z\TIO sin[kez + d¢(2)],

where I,, and I, are the intensities produced by the
reference mirror and the object mirror, respectively,
and ¢ = a/L is the angular distance between the two
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Fig. 3. (a)Stepped mirror used for the experiment. Step heights
are indicated. (b) Hologram of the stepped mirror in longitudinal
geometry at 10.4 keV, 6 = 0.44 mrad.

mirrors as seen from the detector. The phase differ-
ence d¢ between the complex amplitude of the object
and reference waves is assumed to be slowly chang-
ing with z.
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Fig. 4. (a) Hologram of the mirror in transverse geometry (£ =
10.4 keV, 6 = 0.8 mrad, D = 20 mm). (b) Spectrogram. The
original signal in (a) is divided into parts, and each part is Fourier
transformed. The picture shows the signal in phase space of fre-
quency space.

Intensity (a.u.)

-2 0 2 4 6
Detector height{mm)

(@)

=
= O ;O

Intgnsity (a.u.)

02 Detector
1 .
Spatial Frequency (um’™") o4 height(mm)

(b)

Fig. 5. (a) Hologram and (b) spectrogram corrected for the incli-
nation effect {I'(z) = I[2(6 + z/L)]}.

B. Principles of Object Reconstruction

By Fourier filtering we separate the low-frequency
term [,(z) = I, + I, and the oscillating (high-
frequency) term I,(z) = V/(I,1,). It is easy to invert
the system of equations:

1
Ir,o = 5 [Il * (Ilz - 4IlIo)1/2] . (1)

We obtain two solutions; if the two beams are inten-
tionally not well superposed at the detector we know
which one is higher and thus can disentangle them
(Fig. 6).

Once the two intensities are separated we can use
them to reconstruct the step. If we neglect the rel-
ative curvature of the wave fronts emerging from the
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Fig. 6. Intensities of the two beams separated by application of

Eq. (1) to the data.
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Fig. 7. Reconstruction of the stepped mirror. A phase step cor-
responds to the phase shift produced by the step.

two mirrors, the phase of the reference beam is 0 or .
Knowing the amplitude and the phase of the object
wave, we can apply a Fourier transform to recon-
struct the object mirror (Fig. 7).

The resolution is limited by the angular range of
detection; the angular range in which the reference
beam is not negligible is inversely proportional to the
projected size of the reference mirror. Thus the ob-
ject features that can be studied are in the range of
the size of the reference mirror. For a mirror of few
millimeters, at 1-mrad incidence, the reference beam
is few micrometers. In any case, for the object (the
step) to be observable it must produce a nonnegligible
phase shift (2h sin 6/N > 0.1); hence a step size as
small as ~5 nm can be detected.

5. Conclusions

Using an apparatus developed for measurement of
the spatial coherence of a hard-x-ray beam, we have
analyzed the possibility of getting holographic infor-
mation on nanometric reliefs upon a flat surface.
We have measured stepped surfaces in both the
transverse and in the longitudinal directions.

This study has shown that reconstruction of the
object mirror is possible, although with a resolution
not comparable with that from an atomic-force mi-
croscope. However, this apparatus could be used for
the study of time-varying surface reliefs under exter-
nal constraints (e.g., a magnetic field), and one could
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also make it element selective by tuning the x-ray
wavelength. Therefore it can be interesting to try
experiments in which these specific advantages can
be utilized.
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